ABSTRACT In this paper, an enhanced transfer delay-based frequency locked loop (ETD-FLL) is proposed to estimate the frequency, the positive-and negative-sequence voltage with strong immunity against dc offsets. By analyzing the relationship between the grid voltage and its transfer delay signals, a linear regression model is established, which is related to the unknown parameters-the dc offsets and grid frequency. Accordingly, the problem of positive-and negative-sequence voltage detection is transformed as the issue of parameter identification based on the obtained model. Then, the normalized gradient method is proposed to estimate the unknown parameters in the established model and finally achieve the detection of positive-and negative-sequence voltage. A mathematic proof is provided to indicate that the proposed method has good steady-state accuracy and strong dc offset immunity. In addition, the proposed ETD-FLL has fast dynamics due to its transfer delay structure. The experimental results further confirm that the proposed method has good performance in terms of dynamics and dc offset immunity.
I. INTRODUCTION
Nowadays, a large number of renewable energy sources are added into three-phase grids and the high penetration of the new distributed powers causes many issues. Grid synchronization is one of the challenges. To handle this problem, many methods have been proposed to achieve the positive-and negative-sequence voltage detection for threephase systems [1] - [7] , such as the synchronous reference frame PLL (SRF-PLL) [5] - [7] , the DDSRF-PLL [8] , [9] , the zero-crossing detection (ZCD) [10] , the Fourier transformation [10] - [12] , the extended Kalman filter [13] , [14] and the DSOGI-PLL [15] , just name a few.
Among the aforementioned methods, the SRF-PLL transfers the three-phase grid voltage into dq-coordinate systems
The associate editor coordinating the review of this manuscript and approving it for publication was Huiqing Wen. and estimate the frequency and phase angle with good steadystate accuracy and fast dynamics in ideal grids [16] . However, when the grids are distorted with harmonics and/or dc offsets, the SRF-PLL presents a degraded performance with oscillation. This problem can be relieved by reducing the bandwidth, but it results in slow dynamics [17] .
Accordingly, many advanced PLL-based methods have been proposed in literature [18] - [26] . Among them, SOGI-PLL [18] - [20] is the famous one to estimate the voltage information due to its simple structure, fast dynamics and good harmonic immunity. However, the SOGI-PLL has no disturbance immunity against dc offset component.
To tackle this problem, several advanced SOGI-PLL methods are proposed to eliminate the effects of the dc offsets [21] . Among them, [22] adds an integrator into SOGI-PLL, so-called TOGI-PLL, to achieve dc offset immunity. In [23] and [24] , the cascade structure with SOGI-PLL blocks is proposed to estimate the grid parameters with good robustness against dc component. In addition, some improved methods are proposed to suppress the dc voltage by adding special pre-filters, such as the moving average filter (MAF) [25] and the complex coefficient filter (CCF) [26] . Although the aforementioned methods have good immunity against dc offsets, the major drawback of these methods is the degraded performance in terms of dynamics, which is caused by the adding structures or filters. Compared with most positive-and negative-sequence voltage detection methods, transfer delay-based structure has advantage in fast dynamics, such as the transfer delay-based PLL (TD-PLL) [27] and the transfer delay based adaptive FLL (TD-AFLL) [28] . However, these methods are designed for single phase systems and they lack dc offset immunity.
In light of this, this paper proposes an enhanced transferdelay based frequency locked loop (ETD-FLL) for threephase grids to estimate the positive-and negative-sequence components with dc offset immunity. Analyzing the relationship between the grid voltage in αβ− coordinates and its transfer delay signals, a linear regression model [29] is established, which contains two unknown parameters-the dc offset and grid frequency. Based on the obtained model, the detection of the positive-and negative-sequence voltage is transformed into the issue of parameter identification. Then, the normalized gradient algorithm is applied to estimate the grid frequency and dc offset, and finally achieve positiveand negative-sequence voltage estimation. In addition, a strict proof indicates that the proposed ETD-FLL achieves zero steady-state error estimation and good dc offset suppression capability. Moreover, the proposed method has fast dynamics due to its transfer-delay structure. And the experimental results further confirm the fast dynamics and good dc offset immunity of the proposed method.
II. PROPOSED ETD-FLL
When three-phase systems involve negative-sequence component and dc offset, the grid voltage is represented as
where u abc is the three-phase grid voltage, U abc_0 is the dc component, u abc_p and u abc_n are the positive-and negativesequence voltage components, respectively. In detail, u abc_p and u abc_n are
where U p , U n , ϕ p , and ϕ n are the amplitudes and phase angles of the positive-and negative-sequence voltages, and ω is the frequency of the grid voltage.
Applying Clarke's transformation
it yields the three-phase grid voltage in αβ− coordinates as
where u α_p , u β_p , u α_n , u β_n , U α_0 and U β_0 , are the positivenegative-sequence voltages and dc offset in α and β− axis, respectively. Substituting (2) and (3) into (4), it is deduced that
It is observed that u α and u β has the same form. For the convenience of expression, it is defined that
where κ represents α and β, and U κ sin(ωt + ϕ κ ) is the sum of u κ_p and u κ_n Applying transferring delay blocks on the grid voltage, it results in
where τ is the delay time. Then, expanding (8) and (9) yields
where
It is noticed that the relationships among γ 1 , γ 2 , γ 3 and γ 4 are
For the sake of simplicity, u κ (t), u
κ (t), and u (2) κ (t) are denoted as u κ , u (1) κ and u (2) κ . Then, substituting (7) into (10) and (11), it derives
According to (13) , (14) and (15), it is obtained that
To estimate the positive-and negative-sequence components, the ETD-FLL is proposed as
Then, the grid voltage frequency ω and dc component U κ_0 can be obtained by relationshipŝ
According to (7) and (14), the fundamental voltage and its orthogonal are estimated aŝ
Applying (18)- (24) on u α and u β , it obtainsû α1 (t),û β1 (t), u α1⊥ (t) andû β1⊥ (t) whereû α1 (t) andû β1 (t) are the estimation of the fundamental voltage in αβ− coordinate.û α1⊥ (t) andû β1⊥ (t) are their orthogonal signals. The positive-and negative-sequence fundamental voltages are obtained aŝ
In the following, the performance of the proposed ETD-FLL are analyzed. Firstly, the estimation error is defined asθ
The Lyapunov function is constructed as:
Differentiating (29), together with (19) and (20), it is deduced thaṫ
According to (16) and (18), it yields
And it results iṅ
Based on Lyapunov theory, the proposed estimator is stable. To analyze the steady-state error of the proposed ETD-FLL, Lasalle's principle [30] is used and it setṡ
It results in
Together with (19) and (20), it is deduced thaṫ
Since u (1) κ is sine signal and it satisfies persistent excitation condition [30] , together with (33) and Lasalle's principle, it yields
i.e., the proposed method can estimate θ 1 and θ with zero steady-state error. According to the obtained θ 1 and θ 0 , the grid frequency, the positive-and negative-sequence fundamental voltages are estimated accurately by (21)- (26) . In summary, when the three-phase grids contain dc offset, the proposed ETD-FLL can achieve estimations of positiveand negative-sequence voltage with zero steady-state error. In a special case, when dc offset is zero (i.e., there is none dc disturbance in the grids), the proposed ETD-FLL also estimates the grid voltage parameters accurately.
III. EXPERIMENT RESULTS
In order to validate the former analysis, the proposed method is tested on the TMS320F28335 DSP based experimental system with 10 kHz sample frequency. The parameters of the proposed method are chosen as k 1 = 300, k 2 = 100 and τ = 0.005s. In addition, TOGI-PLL [19] is also tested as the compared experiment. And the parameters of TOGI-PLL is set as k p = 92 and k i = 4232. The proposed method and the TOGI-PLL are tested under various conditions in the following. 
A. AMPLITUDE JUMP
In this case, a 0.3 p.u. negative-sequence voltage is added to the grid, and the positive-sequence voltage drops to 0.6 p.u. Fig. 2 shows the experimental results of the proposed ETD-FLL and TOGI-PLL under amplitude jump.
From Fig. 2(b) , (c) and (e), it is observed that the ETD-FLL estimates the frequency, positive-and negative-sequence voltage with zero steady-state error. In addition, it has faster dynamics when compared to the TOGI-PLL.
B. FREQUENCY JUMP FROM 50Hz TO 55 Hz
In this case, a 5-Hz frequency jump from 50Hz to 55Hz occurs and Fig. 3 shows the performance comparisons of the proposed method and TOGI-PLL.
It is observed from Fig. 3(b) , (c) and (e) that the proposed method achieves frequency, positive-and negative-sequence voltage estimation with zero steady-state error. Also, the estimated frequency has no overshoot or undershoot, as shown in Fig. 3 (b) . Compared with TOGI-PLL, the dynamics of the proposed method is less than 20 ms and it is faster than TOGI-PLL.
C. PHASE ANGLE JUMP
The performance of the proposed method is compared with the TOGI-PLL under a 40 • phase angle jump in this case. Fig. 4 shows the experimental results of these two methods under phase angle jump.
In Fig. 4(c) and (e), it shows that the proposed method estimates the positive-and negative-sequence voltage with zero steady-state error. Moreover, Fig. 4(b) further confirms that the proposed ETD-FLL has faster dynamics than TOGI-PLL. 
D. HARMONICS
In this case, the harmonics (including 0.03 fifth-and 0.01 seventh-order harmonics) are added into the grid voltage for evaluating the performance of the proposed method. The estimation results are shown in Fig. 5 .
In Fig. 5(b) , it is observed that the proposed ETD-FLL achieves accurate estimation of the voltage frequency, while the frequency estimation by the TOGI-PLL has steady-state error. Compared with TOGI-PLL, the proposed method has a better harmonic immunity than TOGI-PLL.
E. DC OFFSETS
In this case, the experiment is implemented under 0.05 p.u. dc offset disturbance. Fig. 6 illustrates the performance comparisons between the proposed method and TOGI-PLL.
In Fig. 6(b) , (c) and (e), it shows that the ETD-FLL estimates the frequency, positive-and negative-sequence voltage with zero steady-state error, and the settling time of the proposed method is shorter than the TOGI-PLL, as shown in Fig. 6(b) , which indicates that the proposed method has good performance in terms of dynamics.
IV. CONCLUSION
This paper has proposed ETD-PLL to estimate the frequency, the positive-and negative-sequence voltage for three-phase grids with dc offset disturbance. By analyzing the relationship between the grid voltage and its transfer delay signals, an algebraic model related to the unknown frequency and dc offsets is established. Accordingly, the parameter identification method is proposed to estimate the unknown parameters in the obtained model. Then, the estimation of frequency, positive-and negative-sequence voltage is achieved. The proposed ETD-FLL has good steady-state accuracy and strong dc offset immunity. Due to the transfer-delay structure, the proposed method has fast dynamics. The experimental results show that the proposed ETD-FLL has good performance in terms of dynamics and dc offset immunity. He is currently an Assistant Professor with the School of Rail Transportation, Soochow University. His current research interests include power electronics and motion control.
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